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Endothelial inflammation plays a crucial role in vascular-related diseases, a leading cause of global
mortality. Among various cellular players, endothelial progenitor cells (EPCs) emerge as non-
differentiated endothelial cells circulating in the bloodstream. Recent evidence highlights the
transformative role of EPCs in shifting from an inflammatory/immunosuppressive crisis to an anti-
inflammatory/immunomodulatory response. Despite the importance of these functions, the regulatory
mechanisms governing EPC activities and their physiological significance in vascular regenerative
medicine remain elusive. Surprisingly, the current literature lacks a comprehensive review of EPCs’
effects on inflammatory processes. This narrative review aims to fill this gap by exploring the cutting-
edge role of EPCs against inflammation, from molecular intricacies to broader medical perspectives.
By examining how EPCs modulate inflammatory responses, we aim to unravel their anti-inflammatory
significance in vascular regenerative medicine, deepening insights into EPCs’ molecular mechanisms
and guiding future therapeutic strategies targeting vascular-related diseases.

Recent studies have shown that vascular regeneration is not merely the
process of securing endothelial cells (ECs) to form vascular structures.
Instead, it is a composite process that involves collaboration with hemato-
poietic lineage cells, aimed at creating regenerative and anti-inflammatory
microenvironments for organ recovery (Fig. 1)"*. Hematopoietic cells can
induce new blood vessel formation by producing and secreting pro-
angiogenic factors during the inflammation process'. The cells of this system
are usually divided into two main types: innate (myeloid) and adaptive
(lymphoid) cells. Innate immune cells include tissue resident cells, such as
macrophages and mast cells, and circulating immune cells, such as mono-
cytes/macrophages and neutrophils, that are key members of angiogenic
mediators’. Myeloid lineage macrophages that accumulate in ischemic tis-
sues play a dual role in promoting vascular regeneration mechanisms:
functioning as either regenerative or anti-inflammatory macrophages, and
concurrently preventing tissue fibrosis. Similarly, lymphoid lineage helper T
cells localize to tissues as Th2 cells and regulatory T cells. These cells exhibit
anti-immunity and anti-inflammatory functions, influenced by environ-
mental factors from M2 macrophages and others, which contribute to tissue
repair through shared regenerative and anti-fibrotic actions’.

ECs have long been recognized for their dual role in maintaining
blood vessels and modulating immunity through immune cell traf-
ficking, antigen presentation, and cytokine expression in tissues”.

Emerging evidence remarks on a tissue-specific and vessel type-
specific immunomodulatory role for distinct subtypes of ECs, known
as ‘immunomodulatory ECs’, including highly CD34 expressing ECs
and endothelial progenitor cells (EPCs)*. Building on this under-
standing, this review will specifically delve into the mechanism
employed by EPCs to orchestrate a harmonious interplay between
endothelial and hematopoietic lineage cells for tissue regeneration,
creating an anti-inflammatory microenvironment essential for opti-
mal tissue repair.

EPC phenotype

EPCs, first identified in 1997, play a crucial role in maintaining vascular
homeostasis by serving as a circulating pool of progenitors capable of
replacing impaired endothelium’. Various studies*”' have organized
the conceptual framework of EPC-mediated EC supply for vasculo-
genesis in humans, which is categorizes into circulating EPCs and
resident EPCs, contributing to the dynamic regulation of vascular
health and repair. Circulating EPCs in vivo consist of hematopoietic
lineage cell-derived EPCs (hEPCs), originated from bone marrow
(BM)"”, and non-hematopoietic lineage cell-derived EPCs (non-
hEPCs), also known as endothelial colony-forming cells (ECFCs),
which are believed to mobilize from resident EPCs into the organ blood
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Fig. 1| Collaborative functions of EPCs and blood cells for vascular regeneration.
This figure illustrates the hierarchical differentiation of endothelial progenitor cells
(EPCs) and collaborative interactions in promoting vascular regeneration. It high-
lights the roles of EPCs in endothelial repair and their coordination with various

blood cell types to facilitate the restoration of vascular function. Noted that the
differentiation capacity of hEPCs into ECs remains a challenged topic of con-
troversy, prompting the need for further investigations in this area.

Table 1 | Referenced phenotypes of EPCs

EPC phenotype Status Positive Phenotyping markers Negative phenotyping markers Note

nhEPC ECFCs Ex vivo CD31/CD34/CD144 CD45/CD133/ CD14/CD41a Late-outgrowth EPC

hEPC CD34* or CD133* In vivo CD34/CD133 /CD45 CD14 Immature hEPC subset
Cultured EPCs Ex vivo CD31/CD45 CD41a/CD235a Early-outgrowth EPC, including MACs
Monocytic EPCs In vivo CD14/CD45 CD133/CD347m Circulating monocyte subset

EPCs Endothelial progenitor cells, ECFCs Endothelial colony-forming cells, hEPCs hematopoietic lineage cell-derived cells, nhEPCs non-hEPC, MACs myeloid angiogenic cells

vessels”"' (Table 1). While both cell types secrete cytokines and growth
factors with immunomodulatory effects, ECFCs demonstrate a greater
capacity for direct endothelial replacement and vascular repair'""*™"%,
whereas hEPCs primarily exert their effects through paracrine signaling
and immune cell modulation rather than endothelial differentiation.

Taken together, hematopoietic and non-hEPCs exhibit distinct but
complementary mechanisms of action in modulating inflammatory
responses and promoting tissue repair. Further research is warranted to
elucidate the precise mechanisms underlying their immunomodulatory
activities and to develop novel strategies for harnessing their ther-
apeutic benefits. It is worth mentioning that, utilizing fluorescence
in situ hybridization and cell-tracing analyses, it has been demonstrated
that hEPCs lack the capacity to differentiate into ECs'"**"*. Thus, the
differentiation capacity of hEPCs into ECs remains a challenged topic of
controversy, prompting the need for further investigations in this area
(Fig. 1).

Similarity and difference between hematopoietic and
non-hematopoietic lineage cell-derived EPCs in anti-
inflammatory/immunomodulatory activities

Given to the fact that EPCs possess anti-inflammatory and immunomo-
dulatory properties, they are considered potential candidates for therapeutic
interventions in various diseases. Here, we discuss the similarities and dif-
ferences between hEPCs and non-hEPCs or ECFCs in their anti-
inflammatory and immunomodulatory activities. While both linages
exhibit anti-inflammatory and immunomodulatory activities, there are
notable differences in their origin, phenotype, and functional properties
(Table 2):

For paracrine effects, hEPCs secrete various cytokines and growth
factors with immunomodulatory properties in greater amount, such as IL-
10, TGF-B, and VEGF, which suppress inflammatory responses and pro-
mote tissue healing"”. Similar to hEPCs, ECFCs secrete various angiogenic
and anti-inflammatory factors, including hepatocyte growth factor (HGF),
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Table 2 | Anti-inflammatory/Immunomodulatory Activities of hEPCs vs. non-hEPCs or ECFCs

Functions hEPCs

non-hEPCs or ECFCs

Cytokine Secretion &
Paracrine effects:

Secreting various cytokines and growth factors with immunomodulatory
properties in greater amount, such as IL-10, TGF-B, and VEGF"".

Secreting various angiogenic and anti-inflammatory factors,
including HGF, PGE2, and Ang-1'%".

Endothelial Stabilization:

Contributing to endothelial integrity and function by enhancing the
expression of endothelial cell adhesion molecules and inhibiting
leukocyte adhesion and transmigration. Also, composing myeloid cells
such as M2 macrophages for strong anti-inflammatory effect*?.

Possessing a remarkable ability to integrate into existing vascular
networks and contributing to endothelial repair and regeneration
for vascular homeostasis and anti- inflammation at the site of
injury'®#.

Induction of Regulatory T
Cells (Tregs):
responses®.

Promoting the expansion and activation of regulatory T cells for a crucial
role in immune tolerance and suppression of excessive inflammatory

Having a less effect on Treg cells expansion.

PGE2, and angiopoietin-1 (Ang-1), which modulate immune responses and
promote tissue healing'*’.

However, for function of endothelial stabilization, hEPCs contribute to
endothelial integrity and function by enhancing the expression of endo-
thelial cell adhesion molecules and inhibiting leukocyte adhesion and
transmigration, thereby reducing inflammation at the vascular interface.
Moreover, hEPCs compose myeloid cells as well such as M2 macrophages,
the latter has strong anti-inflammatory effect’"*. In addition, ECFCs pos-
sess a remarkable ability to integrate into existing vascular networks and
contribute to endothelial repair and regeneration. By directly replacing
damaged endothelial cells, ECFCs restore vascular homeostasis and alleviate
inflammation at the site of injury'**.

Finding the optimal generation of ECFCs from CD34+- cells requires
the presence of hematopoietic cells secreting angiogenic cytokines™. Vas-
cular regeneration is not simply a matter of securing endothelial cells from
non-hEPCs to form vascular structures in situ; it is also a composite process.
This process involves collaborating with hEPCs to manage regenerative
microenvironments for organs.

The induction of Tregs is also a difference between hEPCs and
non-hEPCs. hEPCs promote the expansion and activation of Tregs,
which play a crucial role in immune tolerance and suppression of
excessive inflammatory responses™, while ECFCs have less effect on
the expansion of Tregs.

Concurrent mechanism of angiogenesis, immunosup-
pression and anti-inflammation
Various evidence in cancer biology indicates that angiogenesis and
immunosuppression frequently occur simultaneously in response to diverse
stimuli®*°. This notion is corroborated by reports indicating that an ever-
growing array of hematopoietic cell types can promote both angiogenesis
and immunosuppression, which include M2 alternatively activated mac-
rophages, tumor-associated macrophages”, Tie2-expressing monocytes™,
and myeloid-derived suppressor cells. This dual role not only facilitates
angiogenesis, but also creates an immune and inflammatory suppressive
environment, fostering tumor expansion and progression in cancer
tissues™”’. In this process, various collaborative factors capable of pro-
moting both immunomodulation and angiogenesis in cancer, such as vas-
cular endothelial growth factors (VEGF), prostaglandin E2 (PGE2),
transforming growth factor- (TGF-p), Interleukin 10 (IL-10), Interleukin 4
(IL-4), Interleukin 6 (IL-6), macrophage colony-stimulating factor (M-
CSF), granulocyte-colony stimulating factor (G-CSF), adenosine, etc., have
been investigated for years and reported to be expressed by appropriately
stimulated hematopoietic lineage cells*. This collaborative property is
inherently applicable to EPCs in regenerative tissues. EPCs secrete multiple
factors which contribute to angiogenesis, anti-inflammation and immu-
nosuppression, such as VEGF, PGE2, TGF-p, IL-10, IL-6, and G-CSF***.
Recently, regenerative conditioning of naive peripheral blood mono-
nuclear cells has not only expands EPC numbers in culture, but has also
transformed the hematopoietic phenotype from pro-inflammatory (M1
monocytes/macrophages, T helperl (Thl) cells, mature dendritic cells
(DCs), natural killer cells (NKs), and B-cells, etc.) to anti-inflammatory and
regenerative cells such as definitive EPCs, M2 macrophages, Th2 cells,

regulatory T cells (Tregs), regulatory B cells, and immature DCs****. The
regenerative signal stimuli has reprogrammed hematopoietic lineage cells to
represent “regeneration-associated cells” acquiring immunosuppressive,
anti-inflammatory, and angiogenic properties, which were proven in in vivo
experiments in different species (Fig. 1)*>"*. While the collaborative func-
tion of EPCs and hematopoietic cells remains partially understood,
numerous independent studies have provided substantial evidence high-
lighting the anti-inflammatory properties of EPCs, which underscores their
role in creating a regenerative microenvironment in tissues through the
harmonization of EPCs and hematopoietic cells*’. Interestingly, ECFCs
express higher levels of TNFR2. According to Naserian et al., inhibiting
TNF/TNFR2 signaling hampers EPC immunomodulatory functions,
underscoring the importance of the TNF/TNFR2 immune checkpoint axis
in EPC immunoregulation such as the production of different anti-
inflammatory cytokines (IL-10, TGF-B, and HLA-G). These findings
highlight that EPCs leverage the TNF/TNFR2 axis to evade immune
rejection by T cells and facilitate vasculogenesis process. Future studies may
unveil the potential of a TNFR2 agonist administration to enhance EPC
immunoregulatory function, thereby advancing the effectiveness of EPC
therapy”. Landhoff et al. investigated the immune privilege of EPC-derived
ECs in comparison to mature ECs. Their results indicate that EPC-derived
ECs exhibit down-regulation of MHC I, vascular cell adhesion molecule-1
(VCAM-1; a marker for activated endothelium), and IFN-yR2. Addition-
ally, they show strong phosphorylation of STAT1 in contrast to mature
ECs’. Notably, MHC I activation triggers recipient cytotoxic CD8"* T lym-
phocytes (CTL), humoral immune response through alloantibody, as well as
complement-mediated lysis, contributing to graft destruction’*””. The study
demonstrates the immune-privileged state of EPC-derived ECs attributed to
their remarkably low alloimmunogenicity and robust resistance to pre-
formed alloresponses, both in vitro and in vivo, making these cells excellent
candidates for establishing and storing allogeneic EC for transplantation.

Angiogenic factors from EPCs for anti-inflammatory
properties

Numerous angiogenic growth factors secreted by EPCs are commonly
associated with the inflammatory response and are listed as follows
(Figs. 2, 3; Table 3):

VEGF

Various studies claim that EPCs secrete VEGF in conditioned media.
In mammals, VEGFs consist of five members, namely VEGFs A-D
and placenta growth factor’. Amongst these growth factors, VEGFR-
3 and its ligand VEGF-C have been proposed to potently antagonize
the inflammatory response via suppression of the TLR4-NF-«xB and
PI3K-Akt pathways, which represents a “self-control” mechanism
during innate immunity™*’. According to a recent study, VEGF-C
therapy improved cardiac lymphangiogenesis and the post-MI acute
inflammatory response by directing immune cells to the mediastinal
lymph nodes". Single-cell transcriptomic profiling showed that
ECFCs overexpressed VEGF-C”. Additionally, EPCs decrease
inflammatory status and exert reno-protective effects against glo-
merulonephritis through VEGF". Building upon these findings, it
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Fig. 2 | Anti-inflammatory weapons of EPCs. This 4
figure depicts the anti-inflammatory mechanisms
employed by endothelial progenitor cells (EPCs)
and outlines the diverse strategies utilized by EPCs
to mitigate inflammation, including the suppression
of pro-inflammatory cytokines, the inhibition of
leukocyte adhesion and migration, and the mod-
ulation of immune cell activity.
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must be acknowledged that VEGF-C secreted by transplanted EPCs is
at least one of the critical factors that mediate the protective effects of
EPCs against inflammatory responses.

TGF-B

Another EPC angiogenic factor with significant anti-inflammatory prop-
erties is TGF-B*. This factor stimulates M2 macrophage and Foxp3™" Treg
polarization, attenuates pro-inflammatory cytokine/chemokine expression,
and modulates the synthesis of matrix remodeling genes™. These char-
acteristics make TGF-B as one of EPCs potent anti-inflammatory
weapons®. Besides, TGF-f directly activates the Treg polarization and
suppresses Th17, exerting its anti-immunity properties™.

FGF

Fibroblast growth factor (FGF) is another EPC angiogenic factor with
considerable anti-inflammatory qualities and is well-known as an immu-
nosuppressive cytokine*>”’. Through the ERK1/2 signaling pathway, FGF
dramatically reduces the levels of inflammatory factors such as IL-1, tumor
necrosis factor (TNF-a), IL-6, and Monocyte chemoattractant Protein-1
(MCP-1)*'. Moreover, FGF downregulates CD40 expression, a key player in
inflammation, through the NF-xB2 pathway and counteracts CD40-
mediated inflammation™.

G-CSF/GM-CSF

As angiogenic agents of EPCs, the anti-inflammatory effects of GM-CSF
and G-CSF have been well documented. According to these findings, G-CSF
induces a shift towards Th2 and Treg lymphocytes, as well as M2
macrophages”. Furthermore, GM-CSF reduces pro-inflammatory

cytokines (TNF-a and IL-1P) and prevents T cell migration to the CNS via
epigenetic regulation™. Additionally, GM-CSF promotes CD103" DCs,
which in turn induce Foxp3* Treg polarization and T cell-mediated toler-
ance, exerting immunomodulatory effects™.

HGF

According to recent studies, HGF exerts potent anti-inflammatory effects by
increasing expression of IL-1Ra”’ and decreasing the mRNA levels of TNF-
a, IL-6, and IL-1B”. Also, HGF inhibits macrophage-mediated pro-
inflammatory cytokines, leading to the suppression of chronic endothelium
inflammation’. Mechanistically, HGF suppresses the inflammatory arm of
the NF-kB pathway” and activates the anti-inflammatory arm of this
signaling®”. Moreover, HGF induces IL-10 production by stimulating
immunomodulatory CD14" monocytes through the ERK1/2 pathway,
inhibits activated CD4™ cell proliferation, and modulates the T cell cytokine
profile from a Thl to Th2 profile®. These data shed light on one of the
mechanisms behind the strong anti-inflammatory and immunomodulatory
properties of EPCs.

PDGF

Platelet-derived growth factor (PDGF) is another EPC angiogenic factor
that possesses significant anti-inflammatory functions”. PDGF upregulates
the anti-inflaimmatory cytokines (IL-4, IL-10, and IL-13) while down-
regulating the pro-inflammatory cytokines (MMP-3, MMP-13, COX-2,IL-1,
IL-6, and TNF- o) by reducing NF-«B p65 translocation”. Additionally,
studies have documented that EPCs promote the nerve regenerative ability
of MSCs through PDGF-BB/PDGFR-f signaling and its downstream PI3K/
Akt-MEK/ERK pathways®. Moreover, PDGF weakens T-cell proliferation
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Fig. 3 | Increased and decreased inflammation-related factors by EPCs. In this
figure, we present an overview of the inflammation-related factors that are either
increased or decreased by endothelial progenitor cells (EPCs), highlighting the
dynamic regulation of inflammatory mediators by EPCs, including the upregulation
of anti-inflammatory factors and the downregulation of pro-inflammatory
molecules.

and induces Treg and M2 activation®*, emphasizing the crucial role of

PDGEF in orchestrating the inflammatory and immunological response.

Anti-inflammatory factors from EPCs

Hereby, we aimed to identify factors secreted by EPCs that contribute not
only to angiogenesis but also to anti-inflammation. Both ex vivo EPCs (early
EPCs and ECFCs) and in vivo EPCs (isolated as CD34™ from peripheral
blood (PB) or BM) have been shown to secrete a significant amount of
cytokines with anti-inflammatory properties”™”™. From a mechanistic
viewpoint, these factors exert their anti-inflammatory properties through
the JAK/STAT signaling pathway, synthesis of the suppressor of cytokine
signaling proteins, and modification of NF-kB activity in immune cells”.
This section will concentrate on the anti-inflammatory factors released by
EPCs, as illustrated in Figs. 2 and 3 and summarized in Table 4:

IL-10is a potent anti-inflammatory immunosuppressive cytokine with
a broad range of effects both directly and indirectly on innate and adaptive
immunity through the induction of M2 macrophages and Treg
polarization”. In models of acute myocardial infarction (MI), IL-10 has
been shown to suppress in vivo inflammatory responses, contributing to
improved myocardial recovery. These beneficial effects of IL-10 are medi-
ated by the suppression of HuR/matrix metalloproteinase-9 (MMP-9) and
the enhancement of angiogenesis and anti-inflammatory responses via
STAT-3 activation’.

Although TGEF-p; is a pleiotropic cytokine involved in a wide range of
vital processes, including embryonic development, cellular maturation and
differentiation, wound healing, and immune regulation, it also plays a sig-
nificant role in the anti-inflammatory response by encouraging the pro-
liferation of Tregs and inhibiting the differentiation of Th cells”.

IL-4 is a well-known anti-inflammatory agent that encourages polar-
ization of Th2 and M2a macrophages, thereby increasing its anti-
inflammatory potential through indirect angiogenesis’*”. Furthermore,
IL-4 increases fatty acid uptake and oxidation, as well as mitochondrial
biogenesis, via STAT6. This regulates programs controlled by PPARy,

Table 3 | Angiogenic factors relating to anti-inflammatory and
immunoregulatory of EPCs

Factor EPC Effect on Involved Refs.
phenotype inflammation and pathway
immunity
VEGF CD34"/ | inflammation | TLR4-NF-kB 39,40,43
CD133" and PI3K-Akt
TGF-B CD34"/ Ipro-inflammatory Unknown 45,48
CD133" cytokine
1 M2 and Treg
1Th17
FGF ECFCs 1IL-1, TNF-q, IL-6, ERK1/2 51,52
and MCP-1 NF-kB2
1CD40
G-CSF/ CD34"/ 1 CD103* DCs Unknown 53,54
GM- CD133* tM2, Th2 and Treg Epigenetic
CSF ITNF-aand IL-18 modifications
T cell recruitment
HGF ECFCs 1IL-1Ra NF-kB 20,57,61
|TNF-q, IL-6, and ERK1/2
IL-18
1CD14" and IL-10
1CD4*
1 Th2
PDGF ECFCs 1IL-4,IL-10, and IL-  NF-«kB p65 63,64
13 translocation
IMMP-3, MMP-13, PI3K/Akt-
COX-2, IL-1, IL-6, MEK/ERK
and TNF- a

1 M2 and Treg

which plays a complex role in limiting pro-inflammatory gene expression by
LPS in M1 macrophages. Consequently, IL-4 controls the initiation, mag-
nitude, and duration of inflammation”.

IL-13 is closely related to IL-4 and shares many biological properties
with it, including the ability to polarize macrophages to the M2a phenotype.
When combined with IL-4, IL-13 synergistically polarizes macrophages to
an anti-inflammatory phenotype™.

TNF-a-induced protein-6 (TSG-6) binds to the resident CD44 mac-
rophages, leading to decrease in TLR/NF-kB signaling and the attenuation
of the early phase of the inflammatory response”. Additionally, TSG-6
attenuates inflammatory pathways via inducing M2 macrophage polariza-
tion through the SOCS3/STAT3 pathway’®. Abd-allah et al.”” reported that
transplantation of CD34" progenitors significantly upregulated levels of the
TSG-6 gene, as an anti-inflammatory factor, in a rat experimental model of
acute lung injury”. It is worth noting that TSG-6 is secreted in response to
TNF-a and IL-1B and its overexpression is noteworthy due to its known
anti-inflammatory effects®.

Soluble TNF-receptor 1 (sTNF-R1) is one of the proteolytically shed
soluble extracellular domains of TNF-R1, well-known for its ability to
neutralize TNF-a functions and inhibit Th17 cell polarization, thereby
exerting remarkable immunomodulatory and anti-inflammatory effects®".
Besides, Yagi et al*> demonstrated that sTNE-R1 released from MSCs
reduces systemic inflammation by decreasing inflammatory cell infiltration
and increasing CD163+- cells, a marker of M2 macrophages®. Bouchentouf
et al.” showed that culturing EPCs solely with insulin-like growth factor 1
(IGF-1), instead of the combination of IGF-1, VEGF, EGF, and FGF,
remarkably increased the secretion of cytokine by early EPCs, including
STNF-R1. The released sTNF-RI functioned as an anti-inflammatory
cytokine by neutralizing TNF-a, ultimately restoring cardiac function after
MI, implying another anti-inflammatory and immunoregulatory
mechanism for EPC therapy in regenerative tissues®’.

NO and prostaglandin I (PGI), upregulated by early EPCs in activated
platelets, inhibit platelet translocation, glycoprotein IIb/IIla activation,
aggregation, and adhesion to collagen through upregulation of
cyclooxygenase-2 and inducible nitric oxide (NO) synthase. Moreover, early
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Table 4 | Anti-inflammatory and anti-immunity cytokines of EPCs

Factor EPC phenotype Effect on inflammation Involved pathway Refs.
IL-10 CD34'/CD133" 1 M2 and Treg STAT-3 71,75
1 anti-inflammatory response HuR/matrix metalloproteinase-9
TGF-p1 CD34/CD133* 1 Treg Modification of inflammatory genes (Foxf1, IkB, and 73,141
|Th17 Brahma)
1 anti-inflammatory response
IL-4 CD34'/CD133" 1Th2 and M2a STAT6 74-76
1 anti-inflammatory response PPARy
IL-13 CD34* 1Th2 and M2a STAT6 74
1 anti-inflammatory response PPARYy
TSG-6 CD34* 1 M2 and Treg TLR/NF-kB 77,78
SOCS3/STAT3
sTNF-R1 CD34'/CD133* 1Th17 NFkB 81-83
|TNF-a functions
1 anti-inflammatory response
1 M2 and |inflammatory cell infiltration
NO and PGI  ECFCs |platelets translocation, glycoprotein llb/llla activation, aggregation, = COX-2 and NO synthase 69,84
and adhesion to collagen
Table 5 | Anti-inflammatory miRNAs in EPC-EVs
Anti-inflammatory factor EPC phenotype = Mechanism of action Refs.
miR -126 CD34*/CD133* |IL-6, IFNy, TNF-a, L-10, VCAM1 and MCP-1 92
miR-218-5p and miR-363-3p  CD34/CD133" | chemokine CCL26 by targeting p120-catenin subfamilies 1083
1 IL-6, ICAM-1, and IL-1B by suppression of the NOX4-dependent p38 MAPK pathway and targeting
JMY-related apoptosis
miR-221-3p CD34'/CD133" 1VEGF, CD31, and Ki67 107
| AGE-induced cell hypertrophy, apoptosis, the inflammatory response
miR-222-3p CD34/CD133* 1 M2 polarization 98
miR-30d-5p Cultured EPCs 1 M2 polarization 108
miR-486-5p ECFCs linflammatory cell recruitment 111
1Akt phosphorylation
miR-21-5p Cultured EPCs |RUNX1 and TLR-4, resulting in anti-inflammatory feedback 112
TUG1 Cultured EPCs 1SIRT1 97
1 M2polarization
|Inflammatory cytokines
miR-126-3p and 5p ECFCs 1 SPRED1, PI3K/Akt/GSK3p and RAF/ERK1/2 axis 109,110,117

| HMGB1, VCAM1, and VEGFa

EPCs as well as ECFCs produce a significant amount of NO to preserve
vascular function and mitigate the inflammatory response™*. These find-
ings contribute to our understanding of EPC biology and highlight their

potential roles in regulating platelet function and inflammation®*.

Anti-oxidant factors from EPCs

Further scientific documents have reported that EPCs exert their anti-
inflammatory functions by means of several antioxidants, as below (Figs.
2 and 3). According to these reports, CD34/VEGFR-2" EPCs exhibit anti-
thrombotic and anti-inflammatory functions by down- expressing pro-
inflammatory cytokines and over-expressing PGI2, leading to platelet
inactivation””. Of note, PGI2 regulates both the innate and adaptive
immunity and exerts anti-inflammatory/immunomodulatory effects. For-
merly, Dernbach et al.* demonstrated that early EPCs tolerate a certain
degree of oxidative stress by expressing antioxidant enzymes such as
mitochondrial superoxide dismutase (mSOD) and hemoxygenase-1*.
Urbich et al.”’ used shotgun proteomics to identify the hemoglobin sca-
venger receptor CD163, as well as antioxidant enzymes such as mSOD and
hemoxygenase-1 in early EPC-conditioned media, which function as anti-
inflammatory properties against cocultured ECs”. Similarly, early EPC-
conditioned media elevated the expression level of antioxidant enzymes in
HUVECs, such as catalase, copper/zinc SOD (Cu/ZnSOD), and manganese

SOD (MnSOD), implying another anti-inflammatory defense of EPCs in
regenerative tissues”’.

Anti-inflammatory miRNAs from EPCs

MicroRNAs (miRNAs) are small non-coding RNA molecules known for
their ability to regulate gene expression by binding to specific mRNA targets
and inhibiting their translation into proteins’’. Growing evidence suggests
that the EPC-derived miRNAs, primarily delivered through extracellular
vesicles (EVs), play important roles in the regulation of inflammatory
processes (Figs. 2 and 3). Furthermore, dysregulation of miRNA expression
has been implicated in the development of inflammatory diseases (Table 5).
One mechanism through which miRNAs exert anti-inflammatory effects is
by targeting mRNAs encoding pro-inflammatory proteins. For example,
miR-126 has been shown to regulate the expression of several pro-
inflammatory cytokines, including TNF-a and IL-6, by binding to their
mRNA targets and inhibiting their translation”. Another mechanism by
which miRNAs exert anti-inflammatory effects is by targeting mRNAs that
encode negative regulators of inflammation. For example, miR-146a/b
which is induced by inflammatory stimuli in EPCs, acts as an anti-
inflammatory miRNA by targeting several key genes involved in the
inflammatory response. Mechanistically, it has been shown to target the
mRNA encoding IRAK1, a protein that activates the pro-inflammatory
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transcription factor NF-kB. By inhibiting IRAK1 expression, miR-146a can
reduce NF-kB activity and thereby dampen inflammatory signaling”. In a
mouse model of atherosclerosis, overexpression of miR-146a in EPCs has
been shown to reduce inflammation™. Furthermore, miR-10a, another
EPC-derived miRNA, has been shown to suppress the expression of the pro-
inflammatory cytokine IL-6 in macrophages. miR-10a targets the tran-
scription factor Bcl-6, which is known to regulate the expression of IL-6. In
addition, miR-10a has been shown to inhibit the activation of the NF-xB
pathway, which is a key regulator of inflammation™. Zheng and colleagues
demonstrated that miR-10a levels in septic patients were significantly lower
than those in infectious patients and healthy controls. Notably, infectious
patients also exhibited reduced levels of miR-10a compared with healthy
controls™. Moreover, suppression of miR-10a and miR-21 in aged EPCs
increased Hmga2 expression, rejuvenated EPCs, resulting in decreased
senescence-associated P-galactosidase expression, increased self-renewal
potential, decreased pl6Ink4a/pI19Arf expression, and improved EPC
angiogenesis in vitro and in vivo™. EPCs derived EVs carrying TUGI was
proved to ameliorate sepsis-induced organ damage in the murine model via
macrophage M2 polarization. Mechanistically, EPCs derived EVs trans-
mitted TUG1 to promote M2 macrophage polarization through the
impairment of miR-9-5p-dependent SIRT1 inhibition”. More recently,
Yuan et al.” revealed that miR-222-3p, obtained from EPC-EVs, polarized
macrophages to their anti-inflammatory subset via the SOCS3/JAK2/
STATS3 signaling pathway. This polarization promoted functional repair
after spinal cord injury in the mouse model, highlighting the role of EPC-
EVs in modulating macrophage polarization. Overall, the anti-
inflammatory effects of EPC-derived miRNAs are mediated by their abil-
ity to regulate the expression of key inflammatory genes and pathways,
making them promising targets for the development of new anti-
inflammatory therapies.

Anti-inflammatory extracellular vesicles from EPCs
The therapeutic application of EPCs and their derivatives, such as EPC-
derived EVs (EPC-EVs), plays vital role in endothelium hemostasis and has
been widely evaluated for treating several diseases, especially vascular-
related disorders, primarily mediated by the transfer of miRs™'"". Hence, we
offered the EPC-EVs therapeutics for inflammation-related diseases
(Table 5):

Cardiovascular disease (CVDs)

More recently, a convincing study investigated the effects of EPC-EV
transplantation on cardiac function in type 2 diabetes mellitus (T2DM).
Venkat et al. reported that the CD133* EPC-EVs treatment induced an
increase in miR-126 and a decrease in MCP-1 and VCAM], leading to
decreased cardiac inflammation and oxidative stress after stroke in T2DM
mice”. Also, ECFC-EVs mitigate atherosclerosis, inflammation response,
and atherosclerosis-related endothelial dysfunction in the experimental
mouse models of DM'”. Ki et al. also reported that CD34*/CD133" EPC-
EVs containing miR-218-5p and miR-363-3p exhibit cardioprotective
effects on MI damage by targeting JMY-related apoptosis and
mesenchymal-endothelial transition'”. In a similar study, Zhuo et al. found
that deletion of Rab27a, as one of the major genes involved in EV biogenesis,
weakened the therapeutic functionality of EPCs in MI conditions.
Mechanistically, Rab27a deletion inhibits the PI3K/cyclinD1/Akt/FoxO3a
pathway and reduces EV secretion in CD34"/VEGFR-2" EPCs'". In turn, it
is worth noting that suppression of PI3K/Akt induces inflammatory
cascades'*'”. Therefore, it could be inferred that the knockout of EPC-
derived EVs initiates an inflammatory process, providing another rationale
for the anti-inflammatory properties observed in intact EPCs for CVDs.

Skin problems

Regarding the anti-inflammatory functions of EPC-EVs, studies have
reported that miR-221-3p of CD34/CD133" EPC-EVs improved skin
regeneration in diabetic mice through upregulation of VEGF, CD31, and
Ki67. Additionally, miR-221-3p countered AGE-induced cell hypertrophy,

apoptosis, inflammatory responses, and vascular dysfunction, showcasing
its potential in mitigating diabetic complications'”. Moreover, miR-30d-5p
derived from cultured EPCs-EVs exhibited notable effects on promoting
anti-inflammatory responses and M2 polarization, which stimulated the
proliferation of glucose-impaired human keloid fibroblasts'”’. These find-
ings not only contribute to our understanding of EPC-EV functions, but also
open new avenues for innovative approaches in diabetes treatment.

LPS-induced lung injury

Studies on the anti-inflammatory functions of EPC-EVs on lung injuries
unravel that administration of ECFC-EVs prominently suppresses LPS-
induced inflammation of lung tissue, alveolar edema, neutrophil recruit-
ment, and inflammatory cytokines in the bronchoalveolar lavage fluid.
From a mechanistic viewpoint, these EVs contain plentiful miR-126
molecules, which target PI3K regulatory subunit 2 and suppress the
inflammation-related HMGB1 and the permeability factor VEGFa'”. Also,
miR-126 activates RAF/ERK signaling through SPREDI overexpression,
which is responsible for recovering pulmonary inflammation and the
damaged lung tissue'"’, proposing a great anti-inflammatory property of
ECFC-EVs.

Kidney injury

In the context of kidney-related inflammation, Medica et al. demonstrated
that ECFC-EVs preserve human glomerular ECs and podocytes from
inflammation-mediated damage”. ECFC-EVs containing miR-486-5p
remarkably decrease ischemic kidney damage through decreasing inflam-
matory cell recruitment and inducing Akt phosphorylation to maintain
ischemic tissue'''. Additionally, miR-21-5p of cultured EPC-EVs reduces
serum inflammatory factors, sepsis-induced kidney injury, and improves
renal function by downregulating RUNX1 and toll-like receptor 4, resulting
in anti-inflammatory feedback and endothelial protection of kidney tissues
in the model of sepsis-induced AKI'"*'".

Sepsis-related inflammation

Ma et al. recently found that cultured EPCs-EVs transport taurine upre-
gulated gene 1 (TUGI) into macrophages, increasing SIRT1 expression by
binding to miR-9-5p, resulting in promoted M2 polarization and an anti-
inflammatory response”. TUGI, an anti-inflammatory long noncoding
RNA, inhibits sepsis-induced inflammation and lung injury by suppressing
inflammatory agents secretion'"*'". It is worth reminding ourselves that
SIRT1 improves the production of M2 macrophages and anti-inflammatory
cytokines''“. In light of the previous evidence, Zhou et al. have shown that
ECFC-EVs significantly alleviate sepsis-related inflammation via the
transfer of miR-126-3p and miR-126-5p to recipient ECs, which inhibit
HMGBI (an inflammation inducer) and VCAM1 expression'"”.

Targeting blood cell conversion into anti-inflammatory
phenotypes

As mentioned above, cultured EPCs induce the conversion of macrophages
and T cells into M2 and Tregs, respectively, by means of several factors like
IL-10, TSG-6, TUG-1, and so forth”'"*"**" (Fig. 4). Despite the fact that EPCs
are the prominent cell source for angiogenic and vasculogenic goals, the
number of these cells in PB and BM is less than 0.1% and 0.01%,
respectively'”'. In 2014, Masuda et al. developed a new culture medium for
MNCs, named the Quality and Quantity culture system (QQ-culture sys-
tem), which selectively expands the functional EPC population without
prior isolation of EPCs from healthy volunteers”. MNCs cultured in the
QQ-culture system (QQ-MNCs) have greater therapeutic potency in
regenerative applications than MNCs obtained from conventional
culture.””. The preconditioning of MNCs induces conversion of the
populations of inflammatory M1 macrophages to anti-inflammatory M2
macrophages and shifts T cell phenotypes toward Treg and Th2. Mean-
while, the fraction of cells associated with tissue injuries, such as immu-
nogenic DCs and CD3*/CD8" T cells, are decreased in the MNCs
preconditioning culture system'”’. These cellular population changes lead to
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Fig. 4 | Anti-inflammatory and immunomodula-
tory mechanisms of EPCs. This figure elucidates the
anti-inflammatory and immunomodulatory
mechanisms employed by endothelial progenitor
cells (EPCs). It illustrates how EPCs exert their
therapeutic effects through the suppression of
inflammation, the modulation of immune respon-
ses, and the promotion of tissue repair and
regeneration.

Angiogenesis

Regeneration-associated cells

Inflammation-associated cells

Table 6 | Phenotype conversion of blood cells induced by EPCs

Target cell Intermediary factor Effects
Macrophages  PDGF, TGF-f, GM-CSF, M- 1 M2a/2b/2c polarization
CSF, TUG1, TSG-6, sTNF.R1, M1 polarization
IL-4, IL-10, IL-13, miR30d
T cells PDGF, TGF-B, HGF, GM-CSF, 1 Th2 and Treg polarization
M-CSF, sTNF.R1, TUGH1, IL-4, |T1 polarization, Th17
IL-10, IL-13 differentiation, and cytotoxic
T cell maturation
B cells FGF, CCL2 1 regulatory
| synthesis of Ab
DCs GM-CSF, M-CSF, PGE2 1 CD103" DCs
| maturation of
immunogenic DCs
NKs TGF-B, IL-6 | maturation of NKs

a shift from an inflammatory condition into an anti-inflammatory micro-
environment (Table 6).

EPC therapy for inflammatory disease

Preclinical trials

Several preclinical investigations have been performed regarding the anti-
inflammatory effects of EPCs in several diseases, as outlined in Table 7:

CVDs. Scientific reports have investigated the anti-inflammatory func-
tions of EPCs in animal models of CVDs. Shoeibi et al. demonstrated that
4 x 10° ECFC transplantation decreases the infiltration of inflammatory
cells into the atherosclerotic plaques in the experimental rabbit model of
atherosclerosis'*. Other study showed that embryonic EPCs secreted
thymosin B4, which exerts cardioprotective properties via regulating
post-ischemic inflammatory responses in the AMI pig experimental
model'”. Additionally, intramyocardial injection of 1x10° CD34/
CD133" EPCs reduced macrophage/neutrophil infiltration into the
infarct zone, resulting in cardioprotective effects in a chronic setting'*".
Furthermore, VEGF and FGF levels are increased in target tissue after

CD34/CD133" EPC administration, proposing enhanced reendothelia-
lization and suppressing inflammatory responses'*”'**.

Hind limb ischemia. Regarding the EPC therapy of ischemic hind limb, it
has been indicated that the CD34" EPC injection incites wound healing
through angiogenesis enhancement and inflammation suppression in
murine models'”. Furthermore, Mena et al. showed that transplantation
of 1x10° CD34/CD133" EPCs increased vasculature and decreased
inflammatory reactions in the nude mouse model of hind limb
ischemia'”’. Similarly, immunohistochemistry studies revealed that
groups treated with 5 x 10* CD34" positive EPCs displayed less fibrosis
and reduced inflammation area". Together, these reports show the anti-
inflammatory roles of EPCs in wound healing.

Graft-versus-host disease (GVHD). When it comes to EPC therapy for
GVHD, Penack et al. documented that mobilizing EPCs from BM into
the bloodstream is an approach to ameliorate the inflammatory response
in the murine models of GVHD'*. Similarly, Cho et al. clarified that GM-
CSF-mobilized CD34/CD133" EPCs reduced monocyte infiltration and
inflammatory responses, leading to improved reendothelialization and

endothelium regeneration'”.

Lung disease. In terms of EPC therapy in lung regeneration, Mao et al.
illustrated that cultured EPCs mitigate lung injury by suppressing the
secretion of inflammatory mediators in the rat model of acute lung
injury™. Also, it has been illustrated that 1x 10° transplantations of
CD34/CD133" EPCs suppress vascular inflammatory cell infiltration and
restenosis, leading to reendothelialization in a mouse model of acute

135

respiratory distress syndrome ™.

Kidney disease. Regarding EPC treatment in kidney-related disorders,
CD34/CD133* EPC injection mitigates disease development by sup-
pressing inflammatory response in the glomerulonephritis models'*. In
an experimental ischemia/reperfusion kidney injury model, Liang et al.
found that transplantation of CD34/CD133" EPCs significantly reduced
the production of reactive oxygen species and inflammatory
chemokines'”’. Besides, Huang et al. demonstrated that 1 x 10° CD34/
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CD133" EPCs injection significantly suppressed the expression of TNF-a
and MMP-9 after chronic kidney disease (CKD) induction, preventing
the CKD progress through augmentation of angiogenesis and an anti-
inflammatory response'**. Additionally, Kim et al. demonstrated that the
transplantation of 6 x 10° ECFC into the infra-kidney region of Balb/c
nude mice suppressed the immediate blood-mediated inflammatory
response'”’. Taken together, these findings provide evidence for the use of
EPCs in the treatment of kidney-related disorders.

Neurologic-related disease. In this context, Moubarik et al. proposed
that the intravenous injection of 4 x 10° ECFC attenuated neurological
injury by upregulation of IGF-1, a neural protective cytokine, and
downregulating of precursor brain-derived neurotrophic factor
(proBDNF), a pro-inflammatory factor, which led to improved EPC
functionality in an experimental rat model of transient middle cerebral
artery occlusion'*. Similarly, Acosta et al. have reported that injection of
CD34/CD133" EPCs decreased both the inflammation-related stroke
volume and the immunoreactions by modulating inflammation-related
genes (Brahma, NF-«B inhibitors, ITIH-5, and Foxf1)"*!. Moreover,
treatment with CD34/CD133" EPCs upgraded the neurological func-
tions via triggering an anti-inflammatory response in the rat model of
intracerebral hemorrhage'”, supporting the use of EPCs in the anti-
inflammatory treatment of neurologic-related disorders.

Ovarian senescence. In an experimental mouse model, Kim et al.
reported that intravenously administered CD34/KDR* hEPCs (twice,
5x10* cells, 4 days interval) reduced pro-inflammatory cytokines,
endoplasmic reticulum stress via PERK and IRE1, and increased anti-
inflammatory cytokines and blastocyst numbers, demonstrating hEPCs’
protective role against ovarian senescence'*’. Based on these findings, it
could be decided that EPCs play a fundamental role in target tissue
regeneration by activating anti-inflammatory response.

Clinical trials

While clinical trials investigating cell-based approaches to CVDs have
shown promising results, it is important to note that as of now, no cell-based
therapy has obtained regulatory approval for any cardiovascular
indication'*. In this section, we are addressing some anti-inflammatory-
related effects of EPC transplantation in several clinical trials. The promising
efficacy of EPC transplantation in several diseases, particularly in vascular
medicine, has been well documented in the scientific literature'*'".
However, the mechanistic perspective of the anti-inflammatory properties
of EPC therapy is poorly understood in clinical trial settings. In this regard,
Klomp et al. reported that CD34" EPC-capturing stents meaningfully
regress intimal hyperplasia in an 18-month monitoring period (Table 8)"*“.
Supportively, a 28-day follow-up showed that CD34" EPC capturing stents
significantly reduce neointimal area and inflammatory response'**'. This
EPC capture technology is engineered to attract circulating CD34" EPCs,
mitigate inflammatory signals, and contribute to vascular reparation''.
Moreover, Yau et al. reported that progenitors inhibit the synthesis of
inflammatory cytokines during left ventricular assist device implantation in
a randomized phase 2 clinical trial'>. Also, Steinhoff et al. convincingly
demonstrated that intramyocardial administration of CD133" decrease
inflammatory cytokines, such as IL-6, IP10 and NT-proBNP, leading to
improvement of cardiac function in a phase III clinical trial of MI'*’. Sup-
porting evidence comes from Zhang et al., who showed that autologous
CD133" EPC therapy for diabetic peripheral arterial disease significantly
reduced levels of IL-6 and reduced amputation rate after 4 weeks, reflecting a
stronger anti-inflammatory guideline of EPCs'"**. Regarding the above-
mentioned QQ-culturing of MNCs, Tanaka et al. investigated the safety and
efficacy of QQ-MNC therapy for chronic non-healing ischemic extremity
wounds in a prospective clinical study. They showed that transplanting
2 x 10" QQ-MNCs increased the anti-inflammatory response, wound clo-
sure, vascular perfusion, skin perfusion pressure, and decreased pain
intensity in all patients, indicating the feasibility and safety of MNC-QQ
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therapy in clinical trial settings'””. As the therapy involves transplanting
highly vasculogenic cells obtained from a small blood sample, it may be an
effective and highly vasculogenic strategy for regenerative medicine.

In summary, delving into the anti-inflammatory weaponry of EPCs is
imperative for a comprehensive understanding of their pivotal role in both
direct and indirect tissue regeneration. Notably, prior clinical trials evalu-
ating inflammatory responses post-EPC transplantation have been limited,
leaving a gap in our comprehension of their potential to mitigate immune
reactions. Building upon our current knowledge, it becomes evident that
EPCs possess remarkable anti-inflammatory functions, positioning them as
key players in the realm of EPC therapy for future clinical applications.
Recognizing the transformative impact of EPCs on shifting from inflam-
matory crises to anti-inflammatory and immunomodulatory responses
underscores their potential as game-changers in advancing vascular
regenerative medicine. This newfound comprehension not only deepens
our insights into the intricate molecular aspects of EPC function but also
unlocks promising avenues for the development of therapeutic strategies
targeting vascular-related diseases.
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